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Abstract Gallic acid and catechin derivatives were oxidized in 
alkaline solution (pH 10.0-13.0) with K 3 [Fe(CN) 6 ] under 
anaerobic conditions, and electron spin resonance (ESR) 
spectra of the radicals produced were measured. Gallic acid, 
epicatechin gallate, gallocatechin gallate, epigallocatechin, 
and epigallocatechin gallate showed hyperfine structures. 
Gallic acid was found to be oxidatively C—O coupled in 
alkaline solution (pH 10.5-12.0). It was found that an unpaired 
electron delocalized over gallocatechin gallate and epigallo¬ 
catechin molecules, but was localized on the galloyl group and 
the A-ring of epicatechin gallate and epigallocatechin gallate. 
The galloyl group of gallo-catechin gallate was readily alkali- 
hydrolyzed but those of epicatechin gallate and epigallo¬ 
catechin gallate were resistant to alkaline hydrolysis. 
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Introduction 

The antioxidative activities of tannins have been evaluated on 
their scavenging effects against l,l-diphenyl-2-picrylhydrazyl 
radical, superoxide anion, singlet oxygen, and hydroxyl radi¬ 
cal. 15 There is evidence that tannin radicals were produced in 
the scavenging processes. 4,6 However, there have been few 
reports on electron spin resonance (ESR) spectra of tannin 
radicals, 3,7,8 all of which concerned the production of tannin 
radicals by autoxidation in alkaline solutions. In the case of 
autoxidation, because dissolved oxygen in alkaline solution 
oxidizes tannins, it is difficult to quantitatively oxidize 
tannins, and a large linewidth is obtained because of the 
paramagnetism of the dissolved oxygen molecule. 

In this study, gallic acid and catechin derivatives were 
oxidized with K 3 [Fe(CN) 6 ] in buffer solutions (pH 10.0- 
13.0) under anaerobic conditions and ESR spectra of radi¬ 
cals produced were measured. 
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Experimental 

Materials 

Gallic acid, (—)-epicatechin (EC), (—)-epicatechin gallate 
(ECG), (—)-gallocatechin (GC), (—)-gallocatechin gallate 
(GCG), (—)-epigallocatechin (EGC), and (—)- 
epigallocatechin gallate (EGCG) were obtained from 
Wako. Gallic acid was recrystallized twice from water. 

ESR measurement 

ESR spectra were measured using a Jeol JES-FE1XG spec¬ 
trometer operating at 9.5 GHz with 100-kHz field modula¬ 
tion. Spectra were obtained with a microwave power of 
lmW and with a modulation amplitude of 0.002 mT. 

Buffer solutions used were NaHC0 3 - NaOH (pH 10.0- 
11.0), Na 2 HP0 4 - NaOH (pH 11.0-12.0), and NaOH - KC1 
(PH 12.0-13.0). Gallic acid or catechin derivatives and 
K 3 [Fe(CN) 6 ] were dissolved at the same time in a buffer 
solution under argon, and then introduced into a quartz flat 
cell to measure the ESR spectra. The concentration of 
K 3 [Fe(CN) 6 ] was 1 mmol dm 3 and the concentration of 
gallic acid or catechin derivatives was twice that of 
K 3 [Fe(CN) 6 ] unless otherwise noted. 


Results and discussion 

When gallic acid was oxidized at pH 13.0, a simple ESR 
signal was observed (Fig. 1). The signal showed a hyperfine 
structure due to two equivalent protons in the gallate radi¬ 
cal. The hyperfine splitting constant (a H ) was 0.11 mT. 

The signal intensities of phenoxyl radicals generally de¬ 
creases with decreasing pH in buffer solutions. When gallic 
acid was oxidized at low pH, another signal was observed 
(Fig. 1). The new signal showed a hyperfine structure due to 
three nonequivalent protons (a H = 0.077 mT, 0.047 mT, and 
0.014 mT), and did not show the presence of the two equiva¬ 
lent protons of the gallyl group. The ratio of the two signal 
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Fig. 1 . Electron spin resonance (ESR) spectra obtained by the oxida¬ 
tion of gallic acid in different buffer solutions 

intensities (new signal/gallate signal) increased with de¬ 
creasing pH. The ratio did not depend directly on the con¬ 
centration of gallic acid, whereas the ratio increased when 
the concentration was increased together with the concen¬ 
tration of K 3 [Fe(CN) 6 ] (Fig. 2). It was found from high 
performance liquid chromatography (HPLC) that oxida¬ 
tion products at pH 13.0 and 10.5 were different from each 
other. The data suggest that the new signal was due to a 
dimer radical in which two gallic acid units oxidatively 
coupled between the ortho -carbon and the meta -hydroxyl 
oxygen (dehydrodigallic acid) (Fig. 2). Other possible dimer 
structures could not explain the presence of three magneti¬ 
cally nonequivalent protons. 

Li et al. 8 obtained the ESR signal of an EC radical obtained 
by autoxidation in 1 mol dm” NaOH solution. However, we 
could not detect the signal of the EC radical because of the 
very short life-time of the radical. ECG showed a very simple 
ESR signal, with hyperfine splitting constants of 0.11 mT, due 
to two equivalent galloyl protons, and 0.015 mT, due to an¬ 
other proton (Fig. 3). It was uncertain which proton contrib¬ 
uted to the a H value of 0.015 mT. When ECG was oxidized 
after dissolution in a buffer solution (pH 13.0) and standing 
for 1 h, the ESR signal due to the gallate radical (Fig. 1) was 
only slight (Fig. 3). This suggests that the galloyl group in 
ECG was not appreciably alkali-hydrolyzed at pH 13.0. 



Fig. 2. Changes in ESR signals of gallic acid oxidized at pH 11.5 due to 
the concentration of K 3 [Fe(CN) 6 ]. A, K 3 [Fe(CN) 6 ] lmmoldirT 3 ; B, 
K 3 [Fe(CN)J 2 mmol dm 3 ; C, K 3 [Fe(CN) 6 ] 3 mmol dm 3 . Concentra¬ 
tion of gallic acid was twice that of K 3 [Fe(CN) 6 ] 

When GC was oxidized at pH 13.0, a broad ESR signal 
was observed, perhaps due the short relaxation time of the 
radical (Fig. 4). 

When GCG was oxidized at pH 13.0, ESR signals due to 
three kinds of radicals were observed (Fig. 4). Two of the 
signals were attributable to the gallate radical (Fig. 1) and 
the ECG radical (Fig. 3). GCG radical showed hyperfine 
structure due to two equivalent galloyl protons (a H = 
0.10mT), two equivalent gallyl protons (a H = 0.43 mT), and 
another proton (a H = 0.25mT). It was found that an un¬ 
paired electron was delocalized over the GCG molecule. 
When GCG was oxidized after dissolution in a buffer solu¬ 
tion (pH 13.0) and standing for 1 h, the ESR signal observed 
was due almost exclusively to the gallate radical (Fig. 4). 
This suggests that the galloyl group in GCG was completely 
alkali-hydrolyzed during incubation for 1 h. 

EGC showed an ESR signal containing a hyperfine struc¬ 
ture due to two equivalent gallyl protons (a H = 0.086 mT) 
and three nonequivalent protons (a H = 0.47, 0.028, and 
0.015mT) (Fig. 5). The data also suggest that an unpaired 
electron is delocalized over the EGC molecule. EGCG 
showed a hyperfine structure due to two equivalent galloyl 
protons (a H = 0.092mT), and two nonequivalent protons 
(a H = 0.36 and 0.032 mT) (Fig. 5). Hyperfine structure due 
to the two equivalent gallyl protons was not observed. It 
was found that no unpaired electron delocalization oc¬ 
curred on the gallyl group. This tendency was also observed 
for ECG (Fig. 3). EGCG contained a slight amount of GCG 
(Fig. 4) and gallic acid (Fig. 1). The galloyl group in EGCG 
was not appreciably hydrolyzed after 1 h at pH 13.0 (Fig. 5). 
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OH R = I I; Epicaiechiu 

R = galloly; Epicalcchingallale 




Fig. 3. ESR spectra obtained by the oxidation of epicatechin gallate 
(. ECG ) and alkali-hydrolyzed ECG at pH 13.0 



OH R = H; Epigallocatechin 

R = galloly; Epigallocatechingallate 



Fig. 5. ESR spectra obtained by the oxidation of epigallocatechin 
(. EGC ), epigallocatechin gallate ( EGCG ), and alkali-hydrolyzed 
EGCG at pH 13.0 


coupling and an ESR signal of the dimer radical was 
observed. The spin densities in catechin derivatives and 
the rates of alkali-hydrolysis of galloyl groups in catechin 
derivatives were found to be very sensitive to their steric 
structures. 
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Fig. 4. ESR spectra obtained by the oxidation of gallocatechin (GC), 
gallocatechin gallate (GCG), and alkali-hydrolyzed GCG at pH 13.0 
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hydrolyzable tannins. 9 ESR signals are expected to be observed 
when hydrolyzable tannins are oxidized using this method. 


Conclusions 

When gallic acid was oxidized in alkaline solutions (pH 
10.5-12.0), a dimer was produced through carbon-oxygen 
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